Design: Cohort study with semi-annual assessment of the outcome.
Introduction
Since the introduction of highly active antiretroviral therapy (HAART) in the mid 1990s, AIDS-related morbidity and mortality rates dropped markedly [1, 2] whereas concerns of a link between HAARTand coronary heart disease (CHD) have increased. An elevated risk of myocardial infarction (MI) among people taking HAART has been found in some [3] [4] [5] but not all [6, 7] studies. Carotid intima-media thickness (IMT), a marker of atherosclerotic disease, may increase more rapidly with age in HIV-infected persons than in HIV-uninfected controls [8] , but neither the duration of the use of protease inhibitors (PI) [8] nor the use of HAART [9] were found to be associated with carotid IMT in cross-sectional studies that adjusted for traditional cardiovascular disease risk factors [9] . Additionally, PI use has been linked to an increased prevalence of carotid artery atherosclerotic lesions [10] , but HIV infection, rather than PI use, was found to be associated with carotid plaques [11] and with hospitalizations related to CHD [12] .
Investigators have also assessed the relationship between the use of antiretroviral therapy and components of the metabolic syndrome [13] including dyslipidemia [14] [15] [16] , insulin resistance [14, 15] , and abnormal body fat distribution [15] . HAART, and especially PIs, seem to be associated with metabolic dysfunction and may lead to an increased risk of cardiovascular events [17] , yet the events, pathways, and mechanisms remain to be clarified.
The relationship between HAART and hypertension, another component of the metabolic syndrome, has not been well studied [18] . Conflicting results have been reported for the association between anti-HIV therapy and blood pressure (BP) [19, 20] and for the association between HAART and the prevalence of hypertension [21, 22] . Interestingly, increased BP has been found to be associated with lipodystrophy [23] , providing additional evidence that HAART and hypertension may be linked via pathways involving lipodystrophy or other metabolic disorders [24] .
The aim of our study, conducted using data from a large HIV cohort study, the Multicenter AIDS Cohort Study (MACS), with nearly 20 years of accrued follow-up, was to examine the association of hypertension with HIV infection and HAART while adjusting for age, race, smoking, and body mass index (BMI). An important strength of our study is the availability of a comparison group of HIV-negative individuals from the same source population who were followed under the same protocol.
Methods

Study cohort
We analyzed data from the MACS, an ongoing observational study of men in four metropolitan areas of the United States (Baltimore, MD/Washington DC; Chicago, IL; Pittsburgh, PA; and Los Angeles CA) who reported having had sex with men. Recruitment and follow-up procedures for the MACS have been described previously [25, 26] . Briefly, during semi-annual visits, HIV clinical markers were assessed, intervieweradministered questionnaires were completed, physical examinations were performed, and biological specimens were obtained to measure markers of HIV/AIDS disease and for repository storage. Longitudinal HIV serology testing was performed using an enzyme-linked immunosorbent assay with western blot confirmation. All 5622 participants enrolled in 1984-1985 (n ¼ 4954) and in 1987-1995 (n ¼ 668) were eligible to contribute data to our study. We analyzed data collected up to 31 March 2003. The MACS protocol and forms were approved by the institutional review board at each site, and all study participants provided written informed consent.
Study outcomes
Blood pressure was measured during physical examinations conducted at the semi-annual visits. These BP measurements were taken by clinically trained study personnel according to their own practice and, thus, correspond to the clinical BP values obtained from this large cohort of individuals followed for nearly 20 years. The intra-class correlation coefficients (ICC) assessing the within-patient agreement of the BP measurements at consecutive visits during 1985, 1993, and 2002 ranged from 0.37 to 0.57 for SBP and from 0.28 to 0.56 for DBP reflecting fair to moderate agreement for pairs of clinical BP measurements obtained approximately 6 months apart. The ICCs did not differ across the study sites or calendar time.
The primary outcomes for this study were systolic hypertension (SH), defined as systolic BP greater than 140 mm Hg, and diastolic hypertension (DH), defined as diastolic BP greater than 90 mmHg. We also conducted a second set of analyses that incorporated anti-hypertension therapy (AHT) into the study design where the outcomes were defined to be the combined outcomes of SH or taking AHT (SH/AHT) and DH or taking AHT (DH/ AHT). The results from these secondary analyses with correlated outcomes (i.e., both outcomes included AHT) are not detailed in this report because our primary objective was to investigate the differential effects of antiretroviral therapies on SH and DH.
Primary exposure Antiretroviral therapy (ART) was determined by selfreport on an interviewer-administered questionnaire. Participants listed each medication that they were taking at the time of the visit and all medications they had taken since the previous visit. We classified the ART reported since the previous visit into one of three broad categories: no therapy, mono/combination therapy, or HAART. Based on guidelines from a panel of the Department of Health and Human Services and the Henry J. Kaiser Family Foundation [27] , HAART was defined as: (a) two or more nucleoside or nucleotide reverse transcriptase inhibitors (NRTIs) in combination with at least one protease inhibitor (PI) or one non-nucleoside reverse transcriptase inhibitor (NNRTI); (b) one NRTI in combination with at least one PI and at least one NNRTI; (c) a regimen containing ritonavir and saquinavir in combination with one NRTI and no NNRTIs; and (d) an abacavir-or tenofovir-containing regimen of three or more NRTIs in the absence of both PIs and NNRTIs. Combinations of zidovudine (ZDV) and stavudine (d4T) with either a PI or NNRTI were not considered HAART, but were classified as combination therapy.
Follow-up time was classified according to HIV serostatus and ART. Prior to HAART initiation, person-visits were stratified by HIV status and ART category. For men taking HAART, the duration of HAART exposure was estimated as the time since HAART initiation. We further stratified the HAART group to investigate the impact of the duration of HAARTexposure (categorized as less than 2 years, 2 to 5 years, and more than 5 years since HAART initiation), whether or not HAART included a PI, and HAART discontinuation on the study outcomes. Person-visits occurring after HAART discontinuation were grouped into a single category regardless of whether or not any individual ART medications were taken. However, for the men who later resumed HAART, the person-visits that occurred following HAART resumption were classified into one of the three HAART exposure categories defined above based on the total cumulative duration of HAART exposure. Thus, a participant could contribute data to all groups: HIV negative, HIV positive without any therapy, HIV positive on mono or combination therapy, taking HAART for 0-2 years, taking HAART for 2-5 years, taking HAART for more than 5 years, and having discontinued HAART.
Statistical analysis
Because the measurement error resulting from clinical BP measurements would probably result in the overestimation of the true incidence of hypertension, we conducted this analysis of the factors associated with prevalent rather than incident hypertension to minimize the potential impact of this form of measurement error on our study. The basic unit of analysis was the person-visit, with each participant contributing data for up to 38 visits (19 years). Descriptive statistics were used to characterize the study population at enrollment and to summarize the cohort characteristics across all person-visits. We determined the average prevalence of SH and of DH by calculating the percentage of person-visits at which each outcome was documented. Multiple logistic regression with robust variance estimation [28] was used to assess the association between ART use and the prevalence of hypertension while adjusting for potential confounding factors and simultaneously accounting for within-subject correlation. Except for race, all other potential confounders (age, BMI, smoking status, and HIV status) were treated as time-dependent covariates. We quantified the magnitudes of the associations using the odds ratio (OR) and the corresponding statistical strengths using 95% confidence intervals (CI) and P-values. Statistical significance was defined as a P-value less than 0.05. All statistical analyses were performed using SAS version 8.2 (SAS Institute, Cary, North Carolina, USA).
Results
The study population included 5578 (99.2%) of the 5622 eligible men enrolled in the MACS. A total of 84 813 person-visits were included in this analysis, and the median number of person-visits per participant was 14 (inter quartile range: 6 to 22).
The characteristics of the study cohort at enrollment and across all visits are summarized in Table 1 . At enrollment, the median age was 32.6 years, the median BMI was 23.1 kg/m 2 , 83.3% were Caucasian, 58.9% had a history of smoking, 39.9% were HIV positive, and the median systolic and diastolic blood pressure levels were 120 and 80 mmHg, respectively. During follow-up the median BMI increased to 25.8 kg/m 2 in 2003, and the prevalence of active smoking declined from 39.2% at enrollment to 18.5% at the end of follow-up. Of the 3351 men who were HIV negative at baseline, 520 (15.5%) became HIV positive during follow-up. Overall, ARTuse was reported at 12 215 (35.0%) of the 34 929 person-visits from the HIV-positive participants, and HAART was reported at 4535 (37.1%) visits. However, therapy use varied over time with 30% of MACS participants taking ART in 1990 whereas 80% were taking ART and 65% were taking HAART in 1998 [29] .
The prevalence of SH and of DH stratified by the participant characteristics are summarized in Table 2 . Both SH and DH were present in 5.9% of the men at enrollment, but across all person-visits these percentages increased to 7.3 and 8.0%, respectively. The prevalence of hypertension was higher among African-Americans and former smokers, and increased with age and BMI. We also observed a higher prevalence of hypertension, especially SH, among HIV-positive men taking HAART in comparison with the HIV-positive men not taking HAART.
The prevalence of hypertension stratified by HIV serostatus and therapy is displayed in Fig. 1 . Among the 49 884 person-visits from HIV-negative men, SH and DH were present in 8.3 and 9.0%, respectively, but were distinctly lower among HIV-positive men not taking any ART (5.0% with SH and 6.1% with DH) and among men taking ART but not HAART (5.4% with SH and 6.2% with DH). The prevalence of both SH and DH were markedly higher among the 4535 person-visits from men taking HAART: 12.0% with SH and 9.2% with DH. Figure 1 also depicts the temporal relationship between the prevalence of hypertension and the duration of HAART exposure. The percentage of men with DH remained relatively constant for the 5 years following HAART initiation, similar to the prevalence rate observed among HIV-negative men. In contrast, the prevalence of SH was stable at 8 to 9% during the first 2 years following HAART initiation and then increased sharply to approximately 13% where it remained for several years. With more than 5 years of HAART exposure, the prevalence of both SH and DH appeared to increase although these estimates are based on comparatively little information and, thus, are subject to greater uncertainty.
The results from the multiple logistic regression analyses are shown in Table 3 . Higher age, African-American race, and higher BMI were independently associated with higher prevalence rates of SH. We also observed a modest but statistically significant (P < 0.05) increase in the prevalence of SH among smokers. In comparison with HIV-negative men, a significantly lower prevalence of SH was shown among HIV-positive men who either were not taking any ARTor were taking mono or combination therapy. Among the men taking HAART for less than 2 years, the prevalence of SH was statistically indistinguishable from the prevalence among HIV-negative men. However, among the men taking HAART for more than 2 years, the prevalence of SH was significantly higher than among HIV-negative men. These results are consistent with the unadjusted results depicted in Fig. 1 . Interestingly, the adjusted odds of SH among men who had discontinued HAART was lower than among those who had taken HAART for 2 or more years and was not significantly different from that among the HIV negative controls.
AIDS
We extended this analysis in two different ways to assess whether the observed association between HAART and SH might be due to PIs. First, we added an indicator variable for PI use (yes versus no) to the model shown in Table 3 . The OR for PI use was 0.97 (P ¼ 0.83) indicating that PI use did not contribute to the prevalence of SH over and above the characteristics already reported above. We also assessed individual PIs and found that none of them were independently associated with SH when adjusted for the characteristics listed in Table 3 (data not shown). Our second approach was to stratify HAART into two groups: PI-containing HAART (n ¼ 3584 person-visits) and PI-sparing HAART (n ¼ 951 personvisits). Adjusted for age, race, BMI, smoking history, and HIV status, the ORs for these two HAART groups were the same: OR ¼ 1.37 (P < 0.001) for PI-containing HAART and OR ¼ 1.37 (P ¼ 0.03) for PI-sparing HAART. Therefore, PI use was neither independently associated with SH nor explains the observed association between HAART and SH.
The results of the multiple regression analysis for DH were largely consistent with those for SH among HIVpositive men not taking HAART, but differed according to the duration of HAART (Table 3 ). The most striking difference between the SH and DH models was among the men who had been taking HAART for 2 to 5 years. In this subgroup, the prevalence of SH was significantly Prevalence rates are based on HIV-positive men taking antiretroviral therapy. HAART, highly active antiretroviral therapy. n/a, not applicable. higher (OR, 1.51; 95% CI, 1.25-1.82) than among the HIV-negative control group while the prevalence of DH remained significantly lower (OR, 0.78; 95% CI, 0.63-0.96) compared with the same control group. In contrast to the SH model, the prevalence of DH among men taking HAART for more than 5 years was not significantly higher than that among the HIV-negative control group. The only other difference between the two models was that a positive smoking history was significantly associated with an increased prevalence of SH but not DH. Regarding protease inhibitors, PI use was not independently associated with the prevalence of DH (OR, 0.88; 95% CI, 0.66-1.17), and similarly nonsignificant differences were observed for HAART whether or not it included a PI (OR, 0.98; 95% CI, 0.76-1.26 for PI-sparing HAART and OR, 0.84; 95% CI, 0.70-1.01 for PI-containing HAART).
Finally, we conducted a series of additional analyses to assess the sensitivity of our results to the SBP and DBP thresholds used in this study (data not shown). Results very similar to those reported in Table 3 were obtained when we set the DBP threshold at 85, 95, and 100 mmHg, and when we set the SBP threshold at 135 and 150 mmHg. However, when we set the SBP threshold at 160 mmHg (stage II hypertension), none of the ORs for the HAART duration categories were significantly different from 1, but this finding might be due to a lack of statistical power since only 79 personvisits with SBP greater than or equal to 160 mmHg were observed among HIV-positive men.
Discussion
Our study showed that HAART was associated with an increase in the prevalence of hypertension. Importantly, the effect of the duration of HAARTuse was different for SH versus DH. Whereas the prevalence of DH was stable over the first 5 years following HAART initiation, the prevalence of SH increased after only 2 years of HAART use. Among the men who had initiated HAART between 2 and 5 years earlier, the odds of SH was 51% higher than among comparable HIV negative men (Table 3) . Our estimate of the increased risk of SH with prolonged HAART use is likely to be conservative because this analysis did not distinguish men with therapeutically controlled SH from men without SH. Indeed, when we extended our analysis using the combined endpoints SH/ AHT and DH/AHT, the odds ratios for the prolonged HAART exposure categories were higher than those in the SH model reported in Table 3 whereas the inferences for both combined outcomes, SH/AHT and DH/AHT, were largely consistent with those from the SH model. In many respects this last observation is not surprising because incorporating a common measure, AHT, into the two outcomes induces a correlation and diminishes the differences between them. Because our primary objective was to investigate the differential effects of antiretroviral therapies on SH and DH rather than on a more general hypertension outcome, we decided to focus this report on these outcomes defined only by the actual blood pressure measurements.
The finding that HAART use for 2 to 5 years carried a significantly increased odds of SH, but not DH, suggests that HAART may directly lead to changes in arterial walls producing a syndrome similar to isolated systolic hypertension (ISH), which is most commonly observed among the elderly [30] . In ISH, atherosclerosis and loss of aortic distensibility results in decreased arterial compliance, which in turn leads to SH because the large vessels are less able to reduce the pressure resulting from left ventricular contraction [31] . The risks associated with SH and ISH have been investigated in the Framingham Study [32] and the Multiple Risk Factor Intervention Trial (MRFIT) [33] and summarized by others [30, [34] [35] [36] [37] . Although both systolic and diastolic BP are associated with cardiovascular morbidity and mortality, systolic BP has often been found to be a better predictor of coronary heart disease, stroke, and all-cause mortality, with ISH being independently associated with an increased risk of these cardiovascular events [30, [32] [33] [34] [35] [36] [37] . These risks can be reduced through the treatment of ISH [38, 39] . An alternative explanation is that HAART may be indirectly linked to SH by a mechanism involving metabolic disorders. We were unable to examine this hypothesis because glucose, lipids, and lipodystrophy data have only been collected in the MACS since the middle of 1999.
The interpretation of our results regarding the association of SH and DH with prolonged HAARTuse (i.e., > 5 years) is less clear. The odds ratios for both SH and DH were highest among men taking HAART for more than 5 years suggesting that additional pathogenic mechanisms may be important. For instance, men who take HAART for more than 5 years may be the subset of those who thrive and are subject to other etiologic mechanisms for essential hypertension such as weight gain. However, we must caution against the over interpretation of our results because we observed a relatively small number of person-visits from men who had taken HAART for more than 5 years.
This study has several strengths. First of all, we analyzed a large number of person-visits (n ¼ 84 813) over a long follow-up period (19 years). More importantly, when investigating possible adverse events of therapies (e.g., SH due to HAART), it is essential not only to control for known risk factors of the event (e.g., age, race, and BMI for SH), but also to compare the rates of the events among individuals exposed to the therapies to the corresponding rates among individuals who have the condition for which the therapy is indicated (i.e., HIV positive HAART-naive) as well as to the rates among individuals for whom the therapy is not pertinent (i.e., HIV negative). Cohort studies such as the MACS that follow HIVnegative, HIV-positive HAART-naive, and HAARTexposed persons under a standard protocol provide invaluable data to comprehensively characterize the epidemiology of adverse events due to antiretroviral therapies.
This study also has several limitations. First, BP was not measured according to a standardized protocol, which could have led to the non-differential misclassification of hypertension status and underestimation of the magnitude of the association between HAART duration and hypertension. Even if such a bias had affected our study, it did not preclude us from finding a significant association between HAART and SH. Second, we used a statistical model that described the changes over time within the cohort rather than within individuals. Further studies are required to confirm whether or not the increased prevalence of SH that we observed is due to SBP increases within individuals. Finally, this study was restricted to relatively affluent and educated gay men, so we cannot generalize our results to women or other populations of HIV-infected persons such as injection drug users, some minority groups, and hemophiliacs. For instance, the very high ART adherence rates observed in the MACS [40] may have helped to illuminate the association between duration of HAART use and SH, whereas in cohorts with lower ART adherence rates this association might be more difficult to detect.
In summary, we found that HAART was associated with SH and that the prevalence of SH increased as the duration of HAART exposure increased, raising the possibility that men taking HAART have an increased risk for hypertensive heart disease and the attendant complications such as progressive ischemic heart disease, renal damage, and stroke. Our findings underscore the importance of monitoring blood pressure and for signs and symptoms of hypertension-related complications among HIV positive men taking HAART.
